Background/Aims: Central obesity is a risk factor for cognitive decline. Leptin is secreted by adipose tissue and has been associated with better cognitive function. Aging Mexican Americans have higher levels of obesity than nonHispanic Whites, but no investigations examined the relationship between leptin and cognitive decline among them or the role of central obesity in this association. Methods: We analyzed 1,480 dementia-free older Mexican Americans who were followed over 10 years. Cognitive function was assessed every 12-15 months with the Modified Mini Mental State Exam (3MSE) and the Spanish and English Verbal Learning Test (SEVLT). Results: For females with a small waist circumference (≤35 inches), an interquartile range difference in leptin was associated with 35% less 3MSE errors and 22% less decline in the SEVLT score over 10 years. For males with a small waist circumference (≤40 inches), an interquartile range difference in leptin was associated with 44% less 3MSE errors and 30% less decline in the SEVLT score over 10 years. There was no association between leptin and cognitive decline among females or males with a large waist circumference. Conclusion: Leptin interacts with central obesity in shaping cognitive decline. Our findings provide valuable information about the effects of metabolic risk factors on cognitive function.
Despite the apparently complex associations of leptin, obesity, and cognitive function, the majority of work has been limited to rodent models [26, 27] with only a handful of population-based studies in humans [24, 28, 29] . Furthermore, these associations remain relatively unexplored among racial or ethnic groups such as Mexican Americans. Mexican Americans and some other minority groups are disproportionately burdened with general and central obesity [30] and type 2 diabetes [10] [11] [12] [13] , as compared to non-Hispanic whites [7] . In light of possible racial/ethnic differences in metabolic risk profiles [10] [11] [12] [13] 30] as well as leptin concentrations [31] [32] [33] [34] , the association of leptin, obesity, and cognitive function may be different for Mexican Americans compared to other racial or ethnic groups.
We sought to evaluate the relationship between leptin, central obesity, and cognitive decline over 10 years in a prospectively followed cohort of older Mexican Americans. We hypothesized that higher leptin would be associated with slower rates of cognitive decline and that such associations would be more statistically significant for participants with low central obesity and not for those with high central obesity, possibly due to leptin resistance.
Materials and Methods

Study Population
Participants in this study were from the Sacramento Area Latino Study on Aging (SALSA). SALSA is a prospective cohort study of 1,789 community-dwelling older Mexican Americans aged 60-101 years at baseline in 1998-1999. Every 12-15 months, biological and clinical data were collected on participants in home visits for a maximal total of 6 follow-ups. Of the total sample, about 49% were born in the USA and 51% were born either in Mexico (45%) or other Latin American country (6%). SALSA has been approved by the institutional review board at the University of Michigan and the University of California, Davis. Further details on the study design and recruitment strategy have been published elsewhere [35] .
A total of 1,595 participants had their serum leptin level measured at baseline. Compared to participants with leptin measurement, those without leptin measurement (n = 194) were older, more likely to be Mexican-born, had lower education and lower income, were less likely to have hypertension, and had lower mean cognitive scores. Of the 1,595 participants, 108 had a dementia diagnosis at baseline and 7 had missing gender information and were excluded. A total of 1,480 constituted the final sample size for this analysis. Those 1,480 participants were followed in the field for an average of 6.2 years (SD = 2.7). Mortality surveillance is still ongoing.
Measures
Cognitive Function. For all participants, cognitive function was assessed using two cognitive tests, namely the Modified Mini Mental State Exam (3MSE) and the Spanish English Verbal Learning Test (SEVLT). The 3MSE is a 100-point global cognitive test ranging from 0 to 100. The 3MSE was validated and field-tested in both English and Spanish. Compared to the Mini Mental State Exam, the 3MSE shows better reliability, test-retest properties, better sensitivity and specificity and fewer ceiling effects [36, 37] . We examined the number of errors on the 3MSE (calculated as 101 -3MSE score) which was then log transformed to closely correspond to a normal distribution. Higher scores on log (3MSE errors) denote worse cognitive function. The SEVLT is a verbal memory recall test with four 15-word memory trials, an interference list, followed by a fifth trial which is usually used as the test score [38, 39] . The SEVLT was developed for use in the SALSA [39] ; it has been validated in both English and Spanish and has been used in other studies. The SEVLT test scores range from 0 to 15 with higher scores denoting better cognitive function.
Leptin. At baseline, leptin was measured from fasting blood drawn using standard venipuncture into evacuated tubes. Serum leptin assays were done using the leptin radioimmunoassay kits from Linco Research Inc. (St. Charles, Mo., USA). Purified recombinant human leptin was used as standard. Limit of sensitivity for the assay was 0.5 ng/ml. Interassay coefficient of variation was 4.6% at 3.0 ng/ml and 2.0% at 20.0 ng/ml.
Anthropometric and Obesity Measures. At baseline, standing height was measured using a portable stadiometer; weight was determined using a standard scale. Body mass index (BMI) was then calculated as weight (in kilograms) divided by the square of height (in meters) and classified as normal (<25.0), overweight (25.0-29.9), and obese (≥30). At baseline, waist circumference (in inches) was measured at the level of maximum indentation over the abdomen. Based on the sex-specific American Heart Association cutoff points [40] , waist circumference was categorized into small (≤35 inches for females and ≤40 inches for males) and large (>35 inches for females and >40 inches for males).
Other Covariates. At baseline, participants reported their country of birth (nativity) which was coded as US-born or Mexican-born, the years of education they have completed, marital status (married vs. other) and their past-month household income which was split at the median and classified as low (income <1,500 USD) or high (income ≥1,500 USD). At baseline, glucose (mg/dl) and insulin levels were measured from fasting blood and systolic and diastolic blood pressure measurements were taken. The homeostatic model assessment for insulin resistance (HOMA-IR) was calculated as the product of fasting serum glucose × fasting serum insulin divided by 405 [41] . Diabetes was ascertained as a self-report of a physician diagnosis, use of diabetes medication, or a fasting glucose level ≥126 mg/dl [42] . Hypertension was ascertained as a report of a physician diagnosis, use of hypertension medication, a systolic blood pressure >140 mm Hg or a diastolic blood pressure >90 mm Hg [43] . Cardiovascular disease at baseline was ascertained by report of a physician diagnosis of vari-Zeki Al Hazzouri/Haan/Whitmer/Yaffe/ Neuhaus ous cardiovascular events such as myocardial infarction and stroke. Depressive symptoms were assessed using the 20-item version of the Center for Epidemiologic Studies Depression Scale (range 0-60) [44] . Smoking status (ever/never) and alcohol consumption (never, <2 drinks/week, ≥2 drinks/week) were also reported during baseline interviews.
Statistical Analyses
Based on a priori knowledge and previous literature about gender differences in mean leptin levels, all analyses were conducted separately for females and males. In descriptive analyses, we used analysis of variance and Pearson correlations to examine bivariate associations between leptin levels and independent variables. Hierarchical linear mixed models were used to estimate the associations between leptin and change in cognitive function over the 10-year period [45, 46] and to model change over time with unbalanced correlated data. The data structure for this analysis included two levels, namely, baseline and 6 follow-up time points (level 1) nested within 1,487 individuals (level 2). Accordingly, at level 1, we modeled the cognitive scores (logarithms of 3MSE errors or SEVLT scores) as a function of time. Time was operationalized as age at time of cognitive measurement instead of calendar time, primarily because leptin and cognition change as a function of age. Age was grand-mean-centered for each gender separately (70.16 years of age for females and 69.91 years of age for males). This analysis included regressions in which baseline cognitive function (i.e. intercept) and linear rate of cognitive change (i.e. slope) were specified as random effects. Leptin and 3MSE scores were log transformed (natural logarithm) to closely correspond to normal distributions as required by assumptions of the linear mixed model. We used log leptin as continuous in all analytic models and used the 25th and 75th percentiles when illustrating the predictions from the linear mixed models in figures 1 and 2. When interpreting the results with log 3MSE errors as the outcomes (including results from fig. 1 and 2) , we used the exponent of the log of the β coefficients to obtain the rates of change in the number of errors on the 3MSE.
Three-way interactions between leptin, waist circumference and age were tested to evaluate whether the relationship between leptin and cognitive decline was modified by central obesity. For purposes of clarity of presentation, we stratified all models by waist circumference. We first fit a model with leptin, age, and a leptin by age interaction to account for the leptin-associated cognitive decline (model 1). Second, important covariates were added in a fully adjusted model 2. Covariates added at the multivariate level were chosen based on the literature and their bivariate associations with both leptin and cognitive function. We present estimates of regressions (β coefficients), their standard errors and associated two-sided p values. The regression coefficients (β) measure the association of changes in predictors within subjects with change in the outcomes. All statistical analyses were performed using SAS v. 9.2 [47] . Table 1 shows baseline characteristics of the study population and their bivariate associations with leptin (based on table 2 ). a Associations of log leptin percentiles with log 3MSE errors over time within females with a small waist circumference (β-leptin by age interaction: p = 0.01). b Associations of log leptin percentiles with log 3MSE errors over time within females with a large waist circumference (β-leptin by age interaction: p = 0.36). c Associations of log leptin percentiles with change in SEVLT score over time among females with a small waist circumference (β-leptin by age interaction: p < 0.01). d Associations of log percentiles with change in SEVLT score over time among females with a large waist circumference (β-leptin by age interaction: p = 0.52). 25th percentile of leptin = 2.7 ng/ml and 75th percentile of leptin = 3.6 ng/ml. Small waist ≤35 inches and large waist >35 inches. log), by gender. Mean leptin levels were significantly higher (p < 0.001) in females (mean = 3.1 ng/ml, SD = 0.7) than in males (mean = 2.0 ng/ml, SD = 0.7). Among females, older age and being Mexican-born were associated with lower mean leptin. Having a higher BMI, a large waist circumference, higher HOMA-IR, type 2 diabetes and hypertension were associated with higher mean leptin among females. Among males, being USborn, having higher education, higher income, being married, and never smoking were associated with higher mean leptin. Also among males, a higher BMI, a large waist circumference, higher HOMA-IR, type 2 diabetes, hypertension, and cardiovascular disease were associated with higher mean leptin.
Results
In an overall non-stratified model with a main effect for each of leptin and waist circumference in females, the p value for the 3-way interaction (leptin × waist circumference × age) was 0.09 with 3MSE as the outcome and the p value was 0.02 with SEVLT as the outcome. For ease of interpretation, table 2 presents the results of linear mixed effects models of the associations between leptin (log) and change in cognitive function among females stratified by waist circumference. Within females with a small waist circumference (≤35 inches), higher leptin was associated with slower rates of cognitive decline on the 3MSE and the SEVLT, after accounting for nativity, hypertension, HOMA-IR and type 2 diabetes (models 2). For example, higher leptin, a difference equivalent to the interquartile range, was associated with 2.0 fewer 3MSE points in cognitive decline over 10 years (equivalent to 35% less 3MSE errors) and 1.0 SEVLT point less in cognitive decline over 10 years (equivalent to 22% less decrease in SEVLT score). Within females with a large waist circumference (>35 inches), higher leptin was not significantly associated with cognitive decline on the 3MSE or SEVLT, after accounting for nativity, hypertension, HOMA-IR and type 2 diabetes (models 2).
In an overall non-stratified model with a main effect for each of leptin and waist circumference in males, the p value for the 3-way interaction (leptin × waist circumference × age) was 0.02 with 3MSE as the outcome and the p value was 0.9 with SEVLT as the outcome. For ease of interpretation, table 3 presents the results of linear mixed effects models of the associations between leptin (log) and change in cognitive function among males stratified by waist circumference. Within males with a small waist circumference (≤40 inches), higher leptin was associated with slower cognitive decline on the 3MSE and the on table 3 ). a Associations of log leptin percentiles with log 3MSE errors over time within males with a small waist circumference (β-leptin by age interaction: p = 0.02). b Associations of log leptin percentiles with log 3MSE errors over time within males with a large waist circumference (β-leptin by age interaction: p = 0.28). c Associations of log leptin percentiles with change in SEVLT score over time among males with small waist circumference (β-leptin by age interaction: p = 0.01). d Associations of log percentiles with change in SEVLT score over time among males with large waist circumference (β-leptin by age interaction: p = 0.18). 25th percentile of leptin = 1.6 ng/ml and 75th percentile of leptin = 2.5 ng/ml. Small waist ≤40 inches and large waist >40 inches. SEVLT, after accounting for nativity, education, income, HOMA-IR and type 2 diabetes (models 2). For example, higher leptin, a difference equivalent to the interquartile range, was associated with 1.3 fewer 3MSE points in cognitive decline over 10 years (equivalent to 44% less 3MSE errors) and 0.5 SEVLT points less in cognitive decline over 10 years (equivalent to 30% less decrease in SEVLT score). Within males with a large waist circumference (>40 inches), higher leptin was not significantly associated with rates of cognitive decline on the 3MSE or SEVLT, from fully adjusted models (models 2).
The multivariable-adjusted associations between leptin (25th and 75th percentiles) and changes in cognitive function over time (as age) among females are further illustrated in figure 1 (based on models 2 of table 2). For each cognitive outcome (log 3MSE errors and SEVLT), there are two panels pertaining to the association between leptin and cognitive decline within waist . 1a) , the slope of age-related increase in 3MSE errors was more rapid for those with low leptin (at 25th percentile of 2.7 ng/ml) compared to those with high leptin (at 75th percentile of 3.6 ng/ml) with a crossover at age 65 in favor of high leptin. For example, at age 85, those with low leptin had 10 errors on the 3MSE compared to 7 errors for those with high leptin. Within females with a large waist circumference ( fig. 1b) , there was no association between increased leptin (higher percentile) and change in 3MSE errors over time (β leptin by age interaction: p = 0.36). As for the SEVLT outcome, within females with a small waist circumference ( fig. 1c) , the slope of age-related decrease in SEVLT total score was more rapid among those with low leptin than those with high leptin with a cross-over around age 70 in favor of high leptin. Again at age 85, those with low leptin had a total SEVLT score of 7.8 compared to a score of 9.0 for those with high leptin. Within females with a large waist circumference ( fig. 1d ), the age-related slope of change in SEVLT score was not different by leptin level (β leptin by age interaction: p = 0.52).
The multivariable-adjusted associations between leptin (25th and 75th percentiles) and changes in cognitive function over time (as age) among males are further illustrated in figure 2 (based on models 2 of table 3). For each cognitive outcome (log 3MSE errors and SEVLT), there are two panels pertaining to the association between leptin and cognitive decline within waist circumference categories (small waist and large waist). For the 3MSE outcome, within males with a small waist circumference ( fig. 2a) , the slope of age-related increase in 3MSE errors was more rapid among those with low leptin (at 25th percentile of 1.6 ng/ml) than those with high leptin (at 75th percentile of 2.5 ng/ml) with a cross-over at age 65 in favor of high leptin. For example, at age 85, those with low leptin had 9.0 errors on the 3MSE compared to 7.0 errors for those with high leptin. Within males with a large waist circumference ( fig. 2b ), higher leptin was not in favor of less 3MSE errors (β leptin by age interaction: p = 0.28). As for the SEVLT outcome, within males with a small waist circumference ( fig. 2c) , the slope of age-related decrease in SEVLT total score was more rapid among those with low leptin than those with high leptin with a cross-over around age 68 in favor of high leptin. For example at age 85, those with low leptin had a total SEVLT score of 7.2 compared to a score of 8.2 for those with high leptin. Within males with a large waist circumference ( fig. 2d) , the age-related slope of change in SEVLT score was not significantly different by leptin level (β leptin by age interaction: p = 0.18).
Discussion
In our cohort of older Mexican Americans, higher baseline leptin was associated with better cognitive function over time for females and males without central obesity as measured by waist circumference. For those with a large waist circumference, there was no association between leptin and change in cognitive function.
Our findings are in line with previous studies on rodent models suggesting mechanisms through which leptin influences brain structure and function. First, through its influence on the synaptic plasticity of the hippocampus, leptin improved memory and learning functions [16] . For example, a dysfunction in leptin receptors has been associated with impaired performance on spatial memory tasks [27] . Furthermore, providing leptin to the hippocampus of leptin-deficient or resistant rats was associated with enhanced memory and learning processes [15] . Second, leptin is thought to enhance N-methyl-daspartate receptor function which modulates short-term potentiation into long-term potentiation in the hippocampus [16, 26] . Third, leptin is thought to influence apolipoprotein-E-mediated uptake of β-amyloid, a major hallmark of AD [18] .
A few population-based studies have evaluated the effects of leptin on cognitive function. Cross-sectional results among patients from two teaching hospitals in Dublin have shown that those with AD have lower levels of serum leptin than patients without AD diagnosis [29] . There were three longitudinal studies that examined the link between leptin and cognitive decline or risk of dementia. The first study was among black and white older adult participants of the Health, Aging and Body Composition study (Health ABC) and suggested an inverse relation between baseline serum leptin level and rate of cognitive decline over a much shorter period (4 years) of follow-up [28] . The second study was among participants of the Framingham study and found that higher leptin was associated with lower hazards of dementia and AD [24] . The third study was among participants of the Study of Osteoporotic Fractures, which found that higher leptin was associated with lower odds of dementia and mild cognitive impairment [25] .
Results from our analyses showed that the association between leptin and change in cognitive function differed by waist circumference, a measure of central abdominal Central Obesity, Leptin and Cognitive Decline obesity. Our results differ from the findings of the Health ABC study in which the association between leptin and cognitive decline was adjusted for BMI or percent body fat [28] . The authors of that study did not report whether or not an interaction of leptin with BMI or percent body fat was found. Our results are more consistent with those of the Framingham study and the Study of Osteoporotic Fractures in which higher leptin was associated with lower hazards of dementia/mild cognitive impairment and AD among subjects with a low BMI [24, 25] and low waist-to-hip ratio [24] but not among obese subjects.
General or abdominal obesity are risk factors for cognitive impairment and may operate through various underlying pathways [48] [49] [50] . For example, obese subjects may be more likely to develop hyperleptinemia [20] , which may result in compromised leptin transport across the blood-brain barrier as well as reduced leptin signaling [21] [22] [23] which may ultimately interfere with leptin action on the brain. Furthermore, obesity-related inflammation is suggested to interfere with the action of leptin on the brain further inducing leptin resistance [48] . These mechanisms may possibly explain why participants with central obesity, potentially due to increased leptin resistance in the brain [51] , may not benefit from the protective effect of higher leptin against cognitive impairment. In our study, BMI did not modify the relationship between leptin and cognitive decline (data not shown) which may be attributed to the fact that BMI is an overall measure of obesity and body size and may not be as informative as waist circumference with regard to body fat distribution. Waist circumference is a better measure of abdominal adiposity than BMI and is thus closely related to leptin production and secretion [52] . Given that the 3-way interaction between leptin, waist circumference and age was statistically significant for females and males, it is possible to assume that this interaction was superadditive such that low leptin level and high central obesity interact resulting in a greater rate of decline. Finally, while insulin resistance [7] [8] [9] and type 2 diabetes [10] [11] [12] [13] may constitute important pathways for the link between central obesity, leptin, and cognitive decline, adjusting for type 2 diabetes and HOMA-IR at the multivariable level produced similar results.
Our data also indicated that the patterns of effect of higher leptin on 3MSE among subjects with a large waist circumference differed by gender. For females with a large waist circumference, having leptin at the 25th or 75th percentiles was associated with an increase in 3MSE errors over time. For males with a large waist circumference, there was a decrease in the number of 3MSE errors over time for those with the 25th percentile of leptin and almost no change in errors for those with the 75th percentile (though not statistically significant, i.e. β-leptin by age interaction: p > 0.05). Prior studies have reported gender interactions between increasing adiposity measures and cognitive outcomes such that females and males showed different trends of associations [53] [54] [55] [56] . Furthermore, recent studies have shown gender differences in the effect of other adipose-tissue-derived hormones, such as adiponectin, on cognitive impairment and dementia [57, 58] . These studies suggested that the threshold at which these adipose-tissue-derived hormones played a role in the risk of dementia may be different for females and males [58] . However, no studies have previously explored the interaction of leptin, central obesity and cognitive decline by gender, particularly for Mexican Americans. Future studies need to carefully examine these relationships.
In this study, although we present the results of leptin only, we did explore the associations of adiponectin and the leptin to adiponectin ratio with cognitive decline (data not shown). Adiponectin was not associated with cognitive decline in our study cohort. The association of leptin to adiponectin ratio with cognitive decline was similar to that of leptin, possibly due to the fact that adiponectin played no role in this relationship. We also performed sensitivity analyses to examine whether HOMA-IR and type 2 diabetes modified the associations between leptin and cognitive outcomes while adjusting for waist circumference. In females, the association of leptin with cognitive decline on the 3MSE was not modified by HOMA-IR (p interaction = 0.7) nor type 2 diabetes (p interaction = 0.7); similarly for the association of leptin with cognitive decline on the SEVLT (p = 0.2 with HOMA-IR and p = 0.9 with type 2 diabetes). In males, the association of leptin with cognitive decline on the 3MSE was also not modified by HOMA-IR (p interaction = 0.5) nor type 2 diabetes (p interaction = 0.9); similarly for the association of leptin with cognitive decline on the SEVLT (p = 0.7 with HOMA-IR and p = 0.05 with type 2 diabetes). Given that these interactions were not significant, this corroborates our findings that the effect modification by waist circumference is rather more specific to adiposity differences than to insulin resistance or type 2 diabetes.
Our study has some limitations that are worth noting. First, leptin levels may be subject to diurnal variation [59] ; however, this does not bias our results since leptin was measured at the same time (fasting during the morning) for all our study participants. Second, while we adjusted for potential confounders separately for females and males, the possibility of residual confounding cannot Zeki Al Hazzouri/Haan/Whitmer/Yaffe/ Neuhaus be completely ruled out. Finally, given the longitudinal nature of the study, attrition due to death or loss to follow-up may have resulted in bias of the relationships of interest since those who suffered from attrition had lower baseline cognitive function and lower mean leptin level. In spite of these limitations, to our knowledge, our study is the first prospective study to examine the relationship of leptin, central obesity and cognitive decline among older Mexican Americans. In light of the scarcity of cognitive data among Mexican Americans, our results take advantage of a unique prospectively followed cohort with repeated measures of cognitive function and clinical and biologic data. Our results thus constitute an important addition to the literature on metabolic risk factors and change in cognitive function among aging ethnic minority groups. Our results provide evidence that central obesity interacts with leptin in shaping cognitive function. This is the first population-based study to examine the link between leptin, central obesity, and cognitive decline among Mexican Americans. Our findings may have important implications for a fast-growing minority group with increasing rates of obesity and type 2 diabetes and thus provide valuable information about the influence of metabolic risk factors on cognitive function. Further studies are needed to confirm our results.
